BACKGROUND AND PURPOSE: DTI is an advanced neuroimaging technique that allows in vivo quantification of water diffusion properties as surrogate markers of the integrity of WM microstructure. In our study, we investigated normative data from a large number of pediatric and adolescent participants to examine the developmental trends in DTI during this conspicuous WM maturation period.
T he behavioral, cognitive, and biologic changes associated with brain development and its aberrations remain poorly understood. The development and maturation of WM tracts during childhood and adolescence are intimately associated with these processes.
1,2 DTI has allowed quantification of the magnitude and direction of water diffusivity in the cerebral WM and, thus, the ability to investigate its development in better detail. Considerable evidence has shown that the diffusion of water in the human brain is a dynamic process, changing with brain maturation and structural integrity of WM. The emerging consensus is that the developing WM is characterized by intrinsic modifications, including an increase in the number of its constituent macromolecules and cytoskeletal microfilaments, and the extrinsic modification of axon caliber resulting in displacement and decrease in brain-water content. 3, 4 In addition, constraining changes in tissue macrostructure, including increased WM packing and the activity of sodium channels, have been postulated to play a key role in increasing the nonrandom diffusion of water, or anisotropy. [4] [5] [6] [7] These studies have demonstrated a positive correlation between the preferential directionality of water diffusion along WM tracts and age, whereas a negative correlation is demonstrated between the magnitude of water diffusion in specific WM tracts and age. 6 The most widely adopted scalar DTI metrics to quantify these events are FA, which quantifies the degree of preferential restriction in water diffusion, and MD, which measures the overall magnitude of water diffusion. The quantification of these parameters by DTI has enabled clinicians to construct spatial representations of brain WM structures and to carefully examine their microarchitecture in the developing brain 4, [8] [9] [10] and the mature brain.
Along with an improved detection of age-related changes in water diffusion-based properties of WM tracts, recent studies have postulated that DTI may be clinically useful in evaluating brain pathologic findings and the subsequent therapeutic response by comparing WM diffusion changes with normative values. [14] [15] [16] Previous DTI studies of WM development have been limited by small numbers of pediatric patients, inclusion of data from multiple institutions, combination of adult and pediatric data, or inclusion of potentially biasing pathologies without further follow-up. 4, 8, 13, [17] [18] [19] [20] [21] [22] The aim of our study was, thus, to report a representative dataset of normal age-related changes in FA and MD values detected in the developing brain, derived from 202 healthy participants ranging in age from birth to adolescence. We propose that these normative data represent true age-appropriate DTI values during the development of susceptible and critical WM tracts. The details of these developmental processes are crucial to better understand the mechanisms of WM development, maturation, and its aberrancies caused by various neurologic insults.
MATERIALS AND METHODS

Study Population
The institutional review board of Cincinnati Children's Hospital Medical Center approved this study. We conducted a retrospective chart review of normal MR imaging scan results presenting from 2003 until 2008. Inclusion criteria were 1) between ages 0 (full-term) and 18 years, 2) normal brain MR imaging results, 3) no history of neurologic disease, and 4) no development of neurologic disease at a minimum of 4 months after the initial scan. A total of 202 participants (age range, 0.2-215.4 months) met the inclusion criteria, and their DTI data were analyzed. The distribution of the number of participants per age in months is reported in Fig 1D. Children younger than 5 years required either sedation or anesthesia during the clinical scans because of their young age. The DTI data were carefully reviewed. Datasets that had signal dropout because of head movement or Nyquist ghost artifacts because of the eddy current were discarded.
Image Acquisition and Data Processing
We acquired all of the MR imaging and DTI data for all 202 participants by using 1.5T Signa Horizon LX scanners (GE Healthcare, Milwaukee, Wisconsin). Scanning parameters for DTI sequences were the same for all 202 participants and consisted of diffusion-weighted, single-shot spin-echo EPI in the axial plane with a b-value of 1000 s/mm 2 
Selection of Regions of Interest
A color-coded FA map was used to define the 5 ROIs analyzed in this study (Fig 1A) : genu of the CC, body of the CC, splenium of the CC, ALIC, and PLIC. Given that no significant differences were noted between the 2 hemispheres, we averaged the right and left values for analysis in ALIC and PLIC. The method is similar to the approach of Hermoye et al 8 and has also been described in our past studies. 15, 24 Each region of interest was placed manually by a single investigator (W.Y.), with the assistance of a neuroradiologist (B.V.J.) and a pediatric neurosurgeon (F.T.M.). There was not an optimal region-of-interest size that fit all participants with such a wide age range as well as individual anatomic variation. Thus, the following analysis was performed to assess whether the region-of-interest size had a significant effect on the results: After examining the region-of-interest size data plotted against age, as expected, we detected a linear positive correlation between region-of-interest size and age in some ROIs. We removed this agedependent increase by fitting a linear regression model relating size with age. The residual difference between fitted and regionof-interest size was then extracted. We then conducted a correlation analysis between the residual from the DTI vs age regression and the residual region-of-interest size. No significant correlation was found at a P level of .05 for any region of interest for either FA or MD. Therefore, the region-of-interest size was discarded as a potential confounding factor in the analysis.
To evaluate the consistency of region-of-interest selection, we performed intrarater reliability (test-retest reliability) on 30 datasets (a subset of the overall 202 participants) and the same operator (W.Y.) repeated the test 5 times, each at least 3 days apart. The intraclass correlation coefficients for intrarater reliability of measurements were very consistent for all ROIs (intraclass correlation coefficient, 0.96, 0.91, 0.82, and 0.81 for FA in the genu of the CC, splenium of the CC, PLIC, and ALIC, respectively). We also tested 2 additional raters to assess the interrater conformity by using the same subset of 30 participants. The ICC for interrater reliability of measurements was also very consistent for all ROIs, in the range of 0.73-0.90.
Statistical Analysis
The program, Statistical Analysis Software (SAS, V9.2, SAS Institute, Cary, North Carolina), was used for statistical analysis. Matlab 7.1 (MathWorks, Natick, Massachusetts) was used to establish a normative range of DTI values in our ROIs with 95% prediction intervals (Table 1) . To investigate the influence of age on the development of FA and MD, we further performed regression analysis. These diffusion parameters were plotted against age. After comparing all potential best-fit functions, we chose an exponential pattern, which optimally described all ROIs investigated and resulted in the highest r 2 values (Table 1 ). The curve fitting to a monoexponential model was performed with use of the cftool function in Matlab 7.1 ( Fig 1B) . Equation 1 describes the exponential best-fit function, wherein the b-parameter represents the time constant of the exponential curve, x represents the participant's age in months, c represents the value at which x reaches x ϱ (maximal value for the corresponding DTI parameter), and cϩa represents the y-intercept of the function. The parameter estimate for a, b, and c for FA and MD obtained from the exponential models are given in Table 1 .
The fitted model in Equation 1 contains 2 distinct trends: a curvilinear part and a relatively flat part. We identified the age in months wherein the fitted value of the curve from this model reaches the flat line. To statistically compare the differences between different regions of interest, we split the data into the curvilinear part and the flat part. We analyzed the first part of the data by using a linear fit on log-transformed data to fit the following regression line:
To test if the 2 slopes (generated from fitting the FA or MD against age in months for any 2 regions of interest) were parallel or different, we tested the significance of the interaction term (␤ 3 ) from Equation 2 ( Table 2) . We also evaluated the flat part of the curve by comparing the mean of the DTI data during the age range corresponding to the flat curve of the exponential model between any 2 regions of interest (Table 3) .
RESULTS
The data were grouped according to the WM fiber regions that were analyzed, namely the CC or the internal capsule. A representative example of the fitted exponential curves for FA and MD values juxtaposed on the raw data are shown in Fig 1B. The yintercepts of the FA and MD curves in the relative ROIs were first analyzed to gain insight into interregional differences present at birth. The y-intercepts of the FA fitted curves in the genu of the CC, body of the CC, and splenium of the CC did not appear to be different (0.416, 0.414, and 0.420, respectively; Fig 2) . However, the y-intercept of the MD fitted curve detected in the splenium of the CC was higher compared with the genu of the CC and body of the CC (1.688, 1.518, and 1.435, respectively, Table 1 ). In the internal capsule, the y-intercept of the FA fitted curve of the ALIC was lower than that of the PLIC (0.279 and 0.449, respectively), whereas the y-intercept of the MD of the ALIC was higher compared with that of the PLIC (1.200 and 1.051, respectively).
We then examined the b-parameter values from the exponential model to compare the rate of change in FA and MD in relationship to age in months across regions ( Table 1 ). The most conspicuous age-dependent changes were detected in the first 24 -36 months of age in all ROIs (Fig 3) . The values of the bparameter for FA in the genu of the CC and ALIC were higher compared with their respective caudal regions (0.138, 0.109, and 0.117 in the genu of the CC, body of the CC, and splenium of the CC, respectively; and 0.125 and 0.073 in the ALIC and PLIC, respectively; Fig 2) . When the MD in the CC was analyzed, the lowest b-parameter values were detected in the splenium of the CC and PLIC compared with more rostral regions (0.069, 0.088, and 0.096 in the splenium of the CC, genu of the CC, and body of the CC, respectively; and 0.089 and 0.134 in the PLIC and ALIC, respectively; Table 1 ). The DTI data were split into 2 parts to determine the statistical differences, one that progressively increases with age in months and a relatively stable flat portion. The ␤ 3 (from Equation 2), which directly tests the statistical difference between the slopes, was significantly different for MD between the genu of the CC and splenium of the CC, whereas it showed a trend for FA between the genu of the CC and splenium of the CC (␤ 3 P ϭ .015 and P ϭ .142, respectively). In contrast, the ␤ 3 for both FA and MD was significantly different between the ALIC and PLIC (P Ͻ .001 and P Ͻ .005, respectively, Table 2 ).
We then compared the magnitude of the c-parameter values and the age in months at which the c-parameter is reached. In the CC, the highest c-parameter value of the FA curve in the CC was detected in the splenium of the CC, whereas the PLIC was higher compared with the ALIC (Fig 3) . For the MD fitted curves, the splenium of the CC and body of the CC and PLIC cparameter values were lower compared with the more rostral ROIs. It is interesting to note that the longest-lasting increases in FA were detected in the PLIC (at 83 months) and in the MD in the splenium of the CC (at 129 months; Fig 3) . For the flat part of the curve, the difference in the mean between the 2 regions of interest was statistically significant, except for the difference between the body of the CC and splenium of the CC values for the MD (Table 3) .
DISCUSSION
The use of DTI as a tool to investigate the development of WM tracts and help clinicians outline structural abnormalities is currently limited by the availability of a normative DTI data base. To the best of our knowledge, our study is the first to report FA and MD values with more than 200 participants in a large age range, with DTI data acquired at a single institution by homogeneous sequence parameters. Moreover, the age of our participants includes the entire period in which the largest age-dependent changes are detected, thus more accurately reflecting normative DTI measurements during this most crucial period.
Differences in Developmental Timing and Regional Pattern of Maturation
The changes in DTI parameters were investigated to gain insight into intraregional and interregional developmental changes in the major WM tracts and infer details about myelination and axonal development. We chose to specifically focus on the CC and internal capsule, as these regions provide massive interhemispheric connections between homologous neocortical and corticospinal areas, serving a crucial role in sensorimotor integration, attention, memory, and general cognitive functioning. Moreover, they are among the most susceptible to hypoxiaischemia and hydrocephalus, the most common condition treated in the pediatric neurosurgical population.
The changes in WM diffusion indices occur along a predictable and quantifiable temporal profile, described by our empirically derived exponential model. Our results showed that the FA and MD values of the PLIC were lower during the neonatal period compared with those of the ALIC. However, we were not able to statistically compare these differences in these DTI indices because of the paucity of data at these time points. Given this limitation, research efforts toward the recruitment of representative datasets of healthy WM during the neonate period are ongoing at our institution. Such studies would clearly provide novel insight into the significant differences in FA and MD values in these ROIs, thus allowing us to infer important details about white matter development, and maturation in neonates. Nonetheless, our data are consistent with several postmortem studies 19, [25] [26] [27] [28] [29] investigating the extent of myelination, which have reported that the PLIC is an "early" initiator of myelination, which begins before birth compared with other WM structures 19, [25] [26] [27] and that the first myelinated fibers appear in the ninth fetal month in the lenticulothalamic region, whereas myelination of the fibers in the ALIC lags behind that of the PLIC. 28, 29 Our data are also consistent with previous findings 21, 22, 25, 29, 30 demonstrating an initial rapid, robust increase in WM FA and a concomitant decrease in MD in the first 24 to 36 months of life (Fig 3) . Close comparison of the b-parameter value suggests that each region of interest develops at a different rate (Table 1) . Despite a trend of the greatest rate of age-dependent changes occurring in FA in rostral ROIs, statistically significant differences were noted only between the ALIC and PLIC and in the MD between the genu of the CC and splenium of the CC. These results detected in the CC and internal capsule also correlate with other studies 19, 28, 31, 32 demonstrating a conspicuous acceleration in myelination in the anterior regions of the respective WM tracts from the fourth to the eighth postnatal month.
The final FA and MD values of the rostral regions both occurred at earlier time points and were lower, and higher, respectively compared with caudal ROIs (Figs 2 and 3) . These data suggest that though age-dependent changes in anisotropy are significantly higher during early childhood in the PLIC compared with the ALIC and are similar in the CC, the rostral regions of the CC and internal capsule develop more rapidly as time progresses. In agreement with previous studies, 18, 19, 21 the posterior regions of these tracts attain on overall higher degree of anisotropy and lower diffusivity and continue to undergo changes later in development. The relationship between changes in these diffusion properties and corresponding behavioral, cognitive, and sensorimotor modalities are still being uncovered. 2 Consistent with our findings, an intriguing idea is that these physiologic responses are the result of the environmental acquisition of more complex cognitive, executive, and visual spatial tasks that occur during childhood and adolescence, thus requiring the recruitment of more anterior structures. At present, the increases in integrity and organization of neurofilaments, microtubules, axonal diameter, layers of myelination, dendritic arborization and synaptogenesis, and structural WM fiber tract attenuation and coherence have been invoked as a cause of the observed increase in anisotropy, though a definitive answer has yet to be conclusively shown. 5, 22, [33] [34] [35] The prevailing consensus in the field is that increases in FA are associated with a decrease in brain-water content and correlate with concomitant WM organization, myelination, and maturation. 2, 4, 8, 18, 21, 22, 29, 36, 37 In contrast, the decrease in MD values correlates with decreases in the volume of extracellular space, intracellular macromolecular concentration, and total brain-water content. 21, 29 Recent studies by our research group 38, 39 have shown that DTI changes are associated with myelin loss and cytopathologic disruption in an animal model of induced hydrocephalus. Thus, we can assume that the changes in FA reflect these processes and are associated with structural changes occurring in WM bundles during the development of the myelin sheath. These assumptions are in line with the idea that tracts emanating from more anterior gray matter structures undergo more rapid developmental changes and reach maturation earlier, whereas more posterior regions may be undergoing more prolonged and robust myelination and organization. Our study enabled us to compare the interregional differences in the patterns of normal development of the WM tracts. Our aim was to provide normative data in DTI indices by using healthy participants without any known neurologic disease. It was expected that a large sample size minimizes the effect of individual outliers on the conclusions. However, some of the results did not reach statistical significance partially because of the cross-sectional nature of our study. Future studies with longitudinal design would be better suited to determine and compare the individual progression of white matter development and maturation. A longitudinal study design also would be beneficial to investigate the effects of individual differences in maturation patterns as well as WM aberrations after traumatic injuries or other leukoencephalopathic conditions. By including a larger number of data points during the neonatal age range, critical insight would be provided regarding WM changes at this developmental period. However, these limitations would be beyond the scope of our present study. Future longitudinal studies will further our understanding of both interindividual physiologic differences and pathologic states, which are currently lacking by our study design. The clin- ical potential of using water molecules as a probe to assess neuronal structural integrity and microscopic detail will continue to grow as we learn more about the true meaning of anisotropy and diffusivity.
CONCLUSIONS
Our study presents the evolution of brain-water anisotropic diffusion parameters in 202 participants between term birth and adolescence. Our data are consistent with the notion that more anterior regions, which are developmentally more immature at birth, have a faster rate of development between birth and 24 months, whereas more posterior structures have ongoing development later in childhood. It is expected that these data will not only serve as an important and expanded normative reference reflecting development and WM maturation, but will also serve as a reference frame to identify potential structural abnormalities and diagnostic changes underlying various WM leukoencephalopathic conditions. 
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